Air cargo transportation is an essential component in the freight transportation market, primarily due to the transportation requirements of time-sensitive products. Air cargo transportation plays an increasingly important role alongside economic development. Cargo flight network design and fleet routing selection significantly affect the performance of the air cargo transportation. In this research, we propose an integrated model simultaneously considering cargo flight network design and the fleet routing selection for the air cargo transportation. Two transportation modes, the direct transportation mode in point-to-point networks and the transshipment mode in hub-and-spoke networks, are compared. In order to solve the proposed optimization problem, a swarm-intelligence-based algorithm is adapted. Numerical experiments were conducted to examine and validate the effectiveness and efficiency of the proposed model and algorithm. The computational results suggest that the proper settings of hub and transshipment route selection in an air cargo transportation network can significantly reduce the transportation cost, which can provide practical managerial insights for the air cargo transportation industry.
Introduction
The importance of air cargo transportation rises in step with economic development. Air cargo is an essential part of the global trading system [1] . The IATA annual review shows that in 2016, airlines transported 53.9 million metric tons of goods, representing more than 35% of global trade by value but less than 1% of world trade by volume, and it is reported that the average yearly growth of air cargo in 2017 and 2018 were 9.7% and 3.4%, respectively, among which the latter is partially due to protectionist policies [2] . Moreover, according to the world air cargo forecast provided by Boeing, the world air cargo traffic will more than double over the next twenty years. Among all the transported air cargoes, a large proportion is accomplished using mixed cargo-passenger aircrafts, especially in developing countries, which results in the dominance of air passenger transportation management over air cargo transportation [3] . The application of mixed cargo-passenger aircrafts favors the requirements of passengers as the first priority, and cannot satisfy the rapid development of air cargo transportation [4, 5] . Therefore, the utilization of dedicated cargo aircraft for air cargo transportation is gradually becoming popular due to the development of e-commerce and express delivery. For example, Shunfeng (one major logistics company in China) has not only purchased more the application of a hub-and-spoke network and transshipment can generate substantial savings in transportation costs, where the number of hubs and their determination are the critical factors.
The remainder of this paper is organized as follows. After the introduction of air cargo transportation and a brief review of the relevant literature, a mathematical formulation of the emerging problem is provided in Section 2. Section 3 describes the solution approach. Numerical experiments were conducted as presented in Section 4 to validate the effectiveness and efficiency of the proposed model and method. Finally, the conclusions are drawn in Section 5.
Problem Formulation
In this research, in order to construct the air cargo transportation network, full network connectivity was initially assumed. Regarding the hub allocation, we assumed that one non-hub node was associated with at most one designated hub, and that one hub node served the transshipment requirements of multiple non-hub airports within its coverage. The air cargo transportation in between each origin-destination pair had three possible scenarios, that is, direct transportation as y ij , one-time transshipment at a hub as y ik j , and two transshipments at two consecutive hubs as y iklj , respectively. The shipment requirement from a specific origin node to a particular destination node cannot be split. A homogenous fleet of flights was assumed, with the same capacity and speed. Both the non-hub node and hub had enough flights to handle the transportation and transshipment demand. The operational time at the origin and destination nodes was not considered, but the transshipment time at the hub was considered if transshipment was needed. The problem was to determine which airport(s) could be redesigned as a hub airport, which non-hub airport(s) it/they served, and the transportation routes between each origin-destination (OD) pair.
The following notations were used to construct the air cargo transportation network.
N
The set of nodes f k , ∀k ∈ N The cost of operating hub k p
The predetermined number of hubs d max
The maximum distance between a non-hub node and its associated hub d ij , ∀i, j ∈ N The distance between nodes i and j c ij , ∀i, j ∈ N The transportation cost between nodes i and j per shipment unit, per distance unit α
The discount factor for inter-hub transportation due to the economies of scale (0 < α < 1) β The discount factor for the transportation cost between a non-hub node and a hub due to the economies of scale (0 < β < 1) c k , ∀k ∈ N The transshipment cost at hub k per shipment unit w ij , ∀i, j ∈ N The quantity of shipments from node i to node j
The decision variables used in this research are described as follows.
Whether the non-hub node i is associated with hub k or not
The direct transportation between the origin node i and the destination node j y ik j ∈ {0, 1}, ∀i, k, j ∈ N The transportation between the origin node i and the destination node j, transshipped at hub k y iklj ∈ {0, 1}, ∀i, k, l, j ∈ N The transportation between the origin node i and the destination node j, transshipped at hubs k and l
The complete mathematical problem is described as follows. 
The objective function (1) is to minimize the entire cost, which consists of the air cargo transportation cost as illustrated in the first three terms, the transshipment cost as illustrated in the fourth and fifth terms, and the hub operating cost as illustrated in the sixth term. Constraint (2) indicates that a non-hub node can only be associated with an open hub. Constraint (3) reveals that a non-hub node can only be assigned to one hub. Constraint (4) means the number of hubs cannot exceed a predetermined number. Constraint (5) indicates that the distance between a non-hub node and its associated hub shall be within a reasonable distance range. Constraints (6) and (7) describe one-time transshipment transportation provided that the origin and destination node are associated with the same hub node. Constraints (8) and (9) describe the corresponding relationship between decision variables. Constraints (10) and (11) describe the two-time transshipment transportation provided that non-hub nodes i and j are associated with hub nodes k and l, respectively. Constraints (12) and (13) describe the relation between decision variables in the case of two-time transshipment. Constraint (14) expresses that there is only one option for the transportation between each OD pair, which can be direct transportation, or one-time transshipment transportation, or two times transshipment transportation. Constraints (15) and (16) indicate that direct transportation is the highest-cost option, and the transshipment operation can lower the transportation cost. Constraint (17) indicates that all decision variables are binary.
Solution Approach
In order to solve the proposed model, it was necessary to design a proper code mechanism for representing a candidate solution. A solution scheme with lengthy dimensions would cause a slow convergent search performance. Therefore, the proper solution scheme should be coded as succinctly as possible, yet in way sufficient to reconstruct the complete solution. After determination of the solution representation scheme, the ABC algorithm was employed with appropriate combinations of adjustment parameters and control mechanisms in order find the optimal solution.
Solution Representation
The proposed integrated model comprises two interrelated components: the network design and the route selection. The network design can be divided into two separate sections, the first being hub determination, and the second the allocation between hub nodes and non-hub nodes. Once the hub information is determined, the transportation cost can be calculated if the product transportation goes through transshipment. In this research, we designed a solution scheme as S = {S h , S r }, in which S denotes the candidate solution, S h denotes the hub determined in this network, and S r denotes whether each OD transportation is transshipped or not. Figure 1 illustrates a solution representation example. In this example, the network is comprised of 10 nodes indexed from 0 to 9, among which node 1, 3, 7, and 8 are designated as hub nodes. Concerning the allocation between hub nodes and non-hub nodes, a non-hub node is allocated to its closest hub node, which is drawn from the available hub node list S h . For the transportation mode, S r contains the information of whether transshipment is used. For example, in this case, nodes 0 and 1 transport products to their corresponding destination nodes using transshipment, and node 2 transports its product to its corresponding destination using direct transportation. A similar mechanism was applied to other nodes to calculate their OD transportation distance and cost.
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ABC Algorithm
The ABC algorithm was inspired by the searching behavior of honey bees, which can find the most promising food source in a large neighborhood area [21] . A bee colony is composed of three types of bees: scout bees, employed bees, and onlooker bees. Different types of bees carry out different functions. The implementation of the ABC algorithm comprises four distinct phases. Phase 1 is the initialization phase. In this phase, a number of scout bees are sent out to search for food sources in a certain area. One food source corresponds to one solution, and the richness of the food source corresponds to the fitness of the solution. Phase 2 is the employed bee phase. Employed bees are designed to exploit the found food sources. One employed bee exploits one food source, and during the exploitation, it also searches the neighborhood of the current food source to determine whether a better food source exists. If a better food source is found, the corresponding employed bee replaces the current food source with the better one. Phase 3 is the onlooker bee phase. The onlooker bees receive food source information from the employed bees, and then decide whether to follow certain employed bees and repeat the exploitation and exploration operations. Phase 4 is the scout bee phase. As the food sources are gradually consumed, they are abandoned once they are depleted. In this case, scout bees are sent out to find alternative food sources. The pseudo code of the ABC algorithm is presented in Figure 2 . 
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The proper balance between diversification and intensification of the search process is critical to find promising solutions [22] . In the ABC algorithm, this balance is accomplished by the algorithm's parameter settings and control mechanism. The first parameter is the solution number (SN). More initial solutions indicate a more diversified search. The second parameter is the abandonment criterion, denoted as the limit. A higher abandonment criterion means that the algorithm will preserve the current solution by continuing to dig into its neighborhood search area for better solutions. In this case, the algorithm performs as a more intensified search. Moreover, both the greedy selection mechanism in the neighborhood search process and the probabilistic selection of solutions in the onlooker bee The proper balance between diversification and intensification of the search process is critical to find promising solutions [22] . In the ABC algorithm, this balance is accomplished by the algorithm's parameter settings and control mechanism. The first parameter is the solution number (SN). More initial solutions indicate a more diversified search. The second parameter is the abandonment criterion, denoted as the limit. A higher abandonment criterion means that the algorithm will preserve the current solution by continuing to dig into its neighborhood search area for better solutions. In this case, the algorithm performs as a more intensified search. Moreover, both the greedy selection mechanism in the neighborhood search process and the probabilistic selection of solutions in the onlooker bee phase can aggravate the intensified search. The search performance using different combinations of parameters and mechanisms is illustrated in the following section.
Numerical Experiment
The test instances were designed using the following mechanism. Both the non-hub nodes and the hub nodes were randomly generated within a square range (e.g., 1000 × 1000 km 2 ). Each node had a certain number of items to be transported to a destination node. The transportation amount for each OD pair was randomly generated within a range, such as [1, 20] tons. Referring to reference [23] , the unit transportation cost was set as 4.9 CNY (Chinese currency) per ton-km. Previous studies suggest that a reasonable value of the inter-hub transportation discount factor is between 0.6 and 0.8, and that a reasonable value of the non-hub-to-hub transportation discount factor is between 0.7 and 0.9 [9, 15] . In this research, was initiated as 0.6, and was initiated as 0.8. The sensitivity analysis for these two parameters is provided in the following sections. First, we generated a test instance with 20 nodes, among which 4 hub nodes were predetermined. We labeled this instance as {1-4-20}, and we used this instance to find the proper settings for the ABC algorithm and analyze the sensitivity of the proposed model. After that, we applied the proposed model and algorithm to more complicated instances so as to examine their effectiveness and efficiency. The ABC algorithm was coded using Java language and implemented on a personal computer with a 2.5-GHz processor. 
The test instances were designed using the following mechanism. Both the non-hub nodes and the hub nodes were randomly generated within a square range (e.g., 1000 × 1000 km 2 ). Each node had a certain number of items to be transported to a destination node. The transportation amount for each OD pair was randomly generated within a range, such as [1, 20] tons. Referring to reference [23] , the unit transportation cost was set as 4.9 CNY (Chinese currency) per ton-km. Previous studies suggest that a reasonable value of the inter-hub transportation discount factor is between 0.6 and 0.8, and that a reasonable value of the non-hub-to-hub transportation discount factor is between 0.7 and 0.9 [9, 15] . In this research, α was initiated as 0.6, and β was initiated as 0.8. The sensitivity analysis for these two parameters is provided in the following sections. First, we generated a test instance with 20 nodes, among which 4 hub nodes were predetermined. We labeled this instance as {1-4-20}, and we used this instance to find the proper settings for the ABC algorithm and analyze the sensitivity of the proposed model. After that, we applied the proposed model and algorithm to more complicated instances so as to examine their effectiveness and efficiency. The ABC algorithm was coded using Java language and implemented on a personal computer with a 2.5-GHz processor. Each numerical instance was executed 20 times repetitively, and the averaged output was used to illustrate the computational performance.
Parameter Analysis
The control mechanism of the ABC algorithm is rather straightforward, as only two parameters need to be tuned (i.e., the size of bee colony (CS) and the abandonment criterion (limit)). A larger setting of CS indicates a larger solution pool, which suggests a more diversified searching paradigm, while the setting of a higher abandonment criterion limit implies a more intensified searching scheme. However, both the setting of a larger number of initial solutions and a higher abandonment criterion would consume much more computational time. Therefore, we sought to balance the search capability and the computational time. Figures 3 and 4 illustrate the performance of the ABC algorithm for solving the instance {1-4-20} with different settings of CS and limit. In this research, the size of colony and the abandonment criterion were set as CS = 40 and limit = SN * Dim, in which SN is the number of solutions and Dim is the dimensional length of each solution.
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Sensitivity Analysis
The determination of hubs is a critical factor affecting the entire air cargo transportation network. In the numerical experiment, we assumed that each node had the potential to be a hub node. However, the upgrading from a non-hub node to a hub node is a strategic decision. In other words, once a node is determined to be a hub node, its status will be maintained for a long period. Therefore, we analyzed the impact of hub numbers on the transportation cost and distance. We also compared the transportation cost and distance with two other scenarios (i.e., all direct transportation and all transshipment transportation). As shown in Figures 5 and 6 , the transportation cost and distance were practically fixed in the all-direct-transportation scenario, which is intuitively 
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The determination of hubs is a critical factor affecting the entire air cargo transportation network. In the numerical experiment, we assumed that each node had the potential to be a hub node. However, the upgrading from a non-hub node to a hub node is a strategic decision. In other words, once a node is determined to be a hub node, its status will be maintained for a long period. Therefore, we analyzed the impact of hub numbers on the transportation cost and distance. We also compared the transportation cost and distance with two other scenarios (i.e., all direct transportation and all transshipment transportation). As shown in Figures 5 and 6 , the transportation cost and distance were practically fixed in the all-direct-transportation scenario, which is intuitively understandable as all the transportation from the origin node to the destination node is transported directly without any stopover. By comparison, the scenario of all transshipment transportation always possessed a larger transportation distance than the scenario with all direct transportation. The transportation cost in the all transshipment scenario was also higher than the all-direct-transportation scenario when the number of hubs was small. However, with the increase of hub number, the transportation cost in the all-transshipment scenario gradually decreased and finally became lower than the all-direct-transportation scenario even though all transportation had to be transshipped. always possessed a larger transportation distance than the scenario with all direct transportation. The transportation cost in the all transshipment scenario was also higher than the all-direct-transportation scenario when the number of hubs was small. However, with the increase of hub number, the transportation cost in the all-transshipment scenario gradually decreased and finally became lower than the all-direct-transportation scenario even though all transportation had to be transshipped. Comparatively speaking, Figure 5 reveals that the optimal transportation solution had the smallest transportation cost in comparison with the other two scenarios. One thing to notice is that the difference between the optimal solution and the all-transshipment scenario became less with the increasing number of hubs. Figure 6 shows that the transportation distance in the optimal solution slowly increased with the increasing number of hubs, and then reached a maximum distance, after which it began to decrease.
Apart from the determination of hubs, the discount factor of inter-hub transportation and the non-hub to hub transportation due to the economies of transportation scale also affect the route selection of the air cargo transportation. As shown in Figure 7a and 7b, we conducted more numerical experiments with different combinations of and . Given that the inter-hub transportation discount factor was set as 0.6, the non-hub to hub transportation discount factor increased from 0.7 to 0.8 and from 0.8 to 0.9, the total transportation cost increased by 5.80% and 4.93% respectively, as shown in Figure 7a . When we fixed the non-hub to hub transportation Transporation distance
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Apart from the determination of hubs, the discount factor of inter-hub transportation and the non-hub to hub transportation due to the economies of transportation scale also affect the route selection of the air cargo transportation. As shown in Figure 7a ,b, we conducted more numerical experiments with different combinations of α and β. Given that the inter-hub transportation discount factor was set as 0.6, the non-hub to hub transportation discount factor increased from 0.7 to 0.8 and from 0.8 to 0.9, the total transportation cost increased by 5.80% and 4.93% respectively, as shown in Figure 7a . When we fixed the non-hub to hub transportation discount factor as 0.8 and increased the inter-hub transportation discount factor from 0.5 to 0.6 and from 0.6 to 0.7, the entire transportation cost increased by 4.46% and 4.80% respectively, as shown in Figure 7b . In conclusion, the number of hubs and their locations determine the structure of the air cargo transportation network, and the determination of hubs and the transportation discount factor integrally affect the route selection for air cargo transportation. discount factor as 0.8 and increased the inter-hub transportation discount factor from 0.5 to 0.6 and from 0.6 to 0.7, the entire transportation cost increased by 4.46% and 4.80% respectively, as shown in Figure 7b . In conclusion, the number of hubs and their locations determine the structure of the air cargo transportation network, and the determination of hubs and the transportation discount factor integrally affect the route selection for air cargo transportation. 
Algorithm Performance
In order to further examine and validate the effectiveness and efficiency of the proposed model and algorithm, we generated more instances with different settings. As shown in Table 1 , 10 instances were generated with the naming schema as (instance ID-hub number-node number). Also, for each instance, we compared the optimal solution with the scenarios of all direct transportation and all transshipment. In Table 1 , the column of cost saving 1 was calculated by comparison of the optimal transportation cost and the all-direct-transportation cost, while the column of cost saving 2 was calculated by the comparison of the optimal transportation cost with the all-transshipment-transportation cost. From Table 1 , for all instances, the optimal solution can provide average transportation cost savings of 16.42% and 13.89% in contrast to the all-direct-transportation scenario and the all-transshipment scenario respectively. For the instances with same node number, the increase of hub number in a certain range could reduce the optimal transportation cost and the all-transshipment-transportation cost. Moreover, it is a popular trend to employ transshipment transportation along with the increase of the network complexity and the number of hubs. From instance 4 to instance 10, the all-transshipment-transportation cost became lower than that of the all-direct-transportation mode, and this differentiation became even larger. Regarding the transportation distance, as shown in Table 1 , the optimal solution generated 8.33% more distance on average in contrast to the all-direct-transportation mode. However, in comparison with the all-transshipment mode, the optimal solution could actually reduce the transportation distance by 21.65% on average. In addition, increasing network complexity and hub numbers could reduce the extra transportation distance due to the transshipment arrangements. 
Conclusions
Air cargo transportation has been taking an increasingly important role in transportation industry, which requires different network design and route selection in contrast to air passenger transportation. In this research, we proposed an integrated model simultaneously considering air cargo transportation network design and flight route selection. The ABC algorithm was adapted to solve the proposed model with a succinct solution representation scheme and proper combinations of parameters and control mechanisms. The numerical experiment suggests that the determination of hubs and the selection of transshipment mode is core to air cargo transportation management. This research can provide managerial insights for the development of air cargo transportation.
There are some limitations to this research. One is the lack of consideration regarding the extra time and cost required due to consolidation and transshipment operations, which may weaken the solution effect. Another limitation is that the parameter-value settings are drawn from previous literature; it would be more convincing if practical operational data could be collected and analyzed. Therefore, our future research direction is to investigate more practical data and conduct some real case studies applying the proposed model.
